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A detailed analysis of the electrostatic interaction between an electrostatic force microscope tip
and a thin film is presented. By using artificial neural networks, an equivalent semiinfinite sample
has been described as an excellent approximation to characterize the whole thin film sample. A
useful analytical expression has been also developed. In the case of very small thin film
thicknesses (around 1 nm), the electric response of the material differs even for very high
dielectric constants. This effect can be very important for thin materials where the finite size
effect can be described by an ultrahigh thin film dielectric constant. VC 2012 American Institute of
Physics. [doi:10.1063/1.3675446]
Understanding the electric field effect in nanostructured
thin films is a key issue in nanoscience nowadays.1 By apply-
ing a voltage between a force microscope tip and a sample,
electrostatic force microscopy (EFM)2–8 has been used to an-
alyze different properties of thin films at the nanoscale.9
Recently, single and few layer graphene (FLG)10 have
attracted much attention because of its atypical response to
electrostatic fields, which is in sharp contrast with that
expected for conventional conducting or semiconducting
films.11 To be applied in planar device architectures, FLG
films must be placed on insulating surfaces.12 The effect of
an insulating surface on the electronic structure of FLG has
been theoretically studied before.13,14 Unfortunately, the
effect of the electrostatic field under these restrictions has
not been studied in detail since previous theoretical works
focused on dielectric thin films over metallic substrates.15,16
In this article, we combine numerical methods and artificial
neural networks17 (ANNs) to simulate the electrostatic inter-
action between an EFM tip and a thin film. Using the electro-
static force as input patterns to the ANN, we establish that
the thin film sample can be replaced by a simple semiinfinite
sample characterized by an effective dielectric constant. We
show that, for typical EFM setups and thin film thicknesses
around 1 nm, the electrostatic interaction of thin films with
ultrahigh dielectric constants is easily distinguishable. This
effect must be taken into account when ultrathin materials
such as FLG are being used.
In a typical EFM setup, we have a metallic tip connected
to a battery that applies a constant electric potential V0. The
tip is placed over a sample at a tip-sample distance D. The tip
is characterized by three geometrical parameters: The apex ra-
dius R, the half-angle h, and the length L. To solve electro-
static problems with similar geometries, several numerical
methods have been developed.18–21 Some software packages,
based on the finite elements method, such as COMSOL or ELMER,
have been also used to simulate electrostatic fields in EFM.15
In this article, we use the generalized image charge
method22,23 (GICM). The GICM replaces the surface charge
density by a set of charges inside the metallic tip and the sam-
ple by a set of image charges. The qi charge values are
obtained by a standard least-squares minimization. Its effi-
ciency has been demonstrated for systems where the sample
includes objects such as Carbon Nanotubes24 or graphene.25
In the case of a thin film, the sample is composed by
two layers: (1) a dielectric thin film with dielectric constant
e1 and thickness h1 and (2) a dielectric substrate with dielec-
tric constant e2. In Figure 1, we show equipotential distribu-
tions of a spherical tip over a thin film (top) and a
semiinfinite dielectric sample (bottom). Once the charge dis-
tribution is obtained by the tip, the electrostatic force F and
FIG. 1. (Color online) Scheme of the method to obtain the effective dielec-
tric constant of a thin film sample. The electrostatic force of a system com-
posed by a thin film over a dielectric substrate (equipotential lines shown at
the top) is used as the input of an artificial neural network. The output value
is the effective dielectric constant of an equivalent sample composed by a
semiinfinite dielectric substrate (equipotential lines shown at the bottom).
R¼ 25 nm, h1¼ 5 nm, e1¼ 10, e2¼ 5, eeff¼ 5.59, V0¼ 1V, and D¼ 5 nm.a)Electronic mail: sacha.gomez@uam.es.
0003-6951/2012/100(2)/023101/3/$30.00 VC 2012 American Institute of Physics100, 023101-1
APPLIED PHYSICS LETTERS 100, 023101 (2012)
 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:
150.244.139.47 On: Tue, 25 Nov 2014 12:49:57
vertical force gradient F’ can be directly obtained by the
interaction between the tip charges and their images.
It has been well-established in the literature that the
electrostatic interaction between tip and sample is a function
of two magnitudes: the equivalent surface profile ESP
(related to the sample geometry) and the response function
RF (related to the microscope setup).26 To get a deeper
understanding of the physical phenomena of our problem,
we will try to find a simpler EFM geometry that produces
the same interaction than the original problem. Our proposal
is to replace the thin film by a semiinfinite dielectric sample
characterized by an effective dielectric constant eeff. This
equivalent semiinfinite sample (ESS) can be easily calcu-
lated23 and, although the ESS depends on the tip geometry
(i.e., the RF), it can be easily related to the original thin film
sample (i.e., ESP), which is independent of the EFM setup.
To obtain eeff, we use the artificial neural network
described by Sacha et al.27 This ANN was used before to
predict the dielectric constant of a semiinfinite dielectric sub-
strate in an EFM system where the tip shape was unknown.
In this article, we are going to use the F vs D curves of the
thin film sample as inputs for the ANN. Since this ANN only
has information about semiinfinite samples, the output value
will be the dielectric constant of the semiinfinite sample that
better reproduces the electrostatic force that was introduced
to the ANN. In Figure 1 we show how the ANN establishes
the relation between the thin film and its ESS. As an exam-
ple, we have used a sample composed by a thin film
(h1¼ 5 nm, e1¼ 10) over a dielectric substrate (e2¼ 5) and a
spherical tip (R¼ 25 nm, V0¼ 1V). In this case, the effec-
tive dielectric constant obtained by the ANN was eeff¼ 5.59.
In Figure 2(a), we show that the force gradient of the thin
film and the ESS with eeff¼ 5.59 are in striking agreement.
Using the ANN, we only have to use the thin film F vs
D curve as the input of the ANN, which gives a direct an-
swer for the eeff, no matter what tip has been used. To obtain
the best eeff, standard numerical methods need to compare
the thin film F vs D curve with a set of ESS F vs D curves.
This strategy needs much more calculations since the ESS F
vs D curves must be independently calculated for every dif-
ferent tip used in the simulations. The ANN versatility
allows us to obtain the eeff for a wide variety of thin films,
substrates and tips. We considered the following ranges:
e1¼ {6,7,…,50}, e2¼ {5,6,…,50}, h1¼ {1,2,…,10} nm and
R¼ {25,50,100,200} nm. We only included the cases where
e1> e2. In general, the ESS reproduces the force gradient of
the thin film with high accuracy (see Figure 2(a)). The maxi-
mum error obtained is smaller than 15%. For the ranges
described before, the relation between the thin film and the
ESS follows a simple analytical expression given by
Ch1 ¼ eeff  e2e1  eeff
 A
; (1)
where C is a constant which depends on the tip geometry
(C¼C(R,h,L)) and A 3/2 for all geometries analyzed. The
constant C dependence with the tip geometry can be
described by C¼ 1/(2R) in the case of spherical tips with
25 nm<R< 200 nm. It is worth noting that Eq. (1) gives
adequate values for h in the limits eeff¼ e1 (h1!1) and
eeff¼ e2 (h1¼ 0). As the tip size increases, the dependence of
C with the tip shape decreases. This is related to the fact that
the electrostatic force dependence with the macroscopic
shape of the tip decreases as the tip size increases.28 In the
case of macroscopic tips, we obtained C 0.00125 nm1 for
L¼ {3,15}lm, h¼ {10,40}, and r¼ {5,200}nm, which are
typical values for EFM tips. This small value is in agreement
with the tendency found before for spherical tips C¼ 1/(2R)
since C becomes smaller as the tip size increases (i.e., big
tips strongly feel the substrate below and minimizes the
influence of the thin film). In Figure 3(b), we compare three
different tips and thin film samples with their ESS, finding a
striking agreement.
Let us now consider the electrostatic interaction for ex-
perimental setups with very small thin film thickness (i.e.,
Ch1 ! 0). Within this limit, Eq. (1) can be written as
eeff ¼ ðCh1Þ2=3e1 þ e2½1 ðCh1Þ2=3: (2)
Within this approximation, eeff increases linearly with both
e1 and e2. However, their influence on eeff is very different.
In the case of the substrate dielectric constant, eeff/e2 1. On
the other side, changes in eeff due to e1 are proportional
toCh1
3/2. Taking into account that, for all the spherical tips,
Ch1
3/2< 0.1 when h1<¼1 nm, we find that eeff changes at
least 10 times slower than e1.
Now, we are going to demonstrate that this effect is
even stronger when a macroscopic tip is included in the sim-
ulation. We have chosen a typical EFM tip characterized by
R¼ 25 nm, L¼ 14 lm, and h¼ 17.5. The sample is com-
posed by a thin film characterized by h1¼ 1 nm over a
dielectric substrate with e2¼ 5. As we can see in Figure 3(a),
the extremely small value of Ch1
3/2 implies that, even for
FIG. 2. (Color online) Gradient force versus tip sample distance for both a
thin film and an equivalent semiinfinite dielectric sample obtained by artifi-
cial neural networks for a spherical tip with R¼ 25 nm (a) and three differ-
ent macroscopic tips (b). Details about the tip and sample geometries are
shown in the figure.
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e1¼ 10 000, eeff is still not bigger than eeff¼ 50. This implies
that, for very small thin films, ultrahigh thin film dielectric
constants e1 can be easily distinguished. For example, in Fig-
ure 3(b) we show simultaneously the force gradient for
e1¼ 500 and e1¼ 10 000. Even for these very high values,
the two curves are easily distinguishable. In the inset of Fig-
ure 3(b), we show the electrostatic force for semiinfinite
dielectric samples with eeff between 10 and 50, which are the
ESS for the system under study in the range of e1> 1000
(see Figure 3(a)). We can see that, even for the highest
dielectric constant value eeff¼ 50 (i.e., e1¼ 10 000), the elec-
trostatic force is far from the metallic limit (eeff !1), which
is approximately reached when eeff> 100. This effect is due
to the finite size of the thin film. Although the high dielectric
constant induces a strong reduction of the electric field inside
the material, its small size allows the electric field to reach
the lower surface and penetrate inside the substrate.
In conclusion, we have demonstrated that, using artifi-
cial neural networks, the full structure of a thin film over a
dielectric substrate can be replaced by an equivalent semiin-
finite sample described only by an effective dielectric constant.
For thin film thicknesses around 1 nm, we have demonstrated
that thin film dielectric constants between 1000 and 10 000
give very different electric responses. This effect could be of
great interest in the study of thin materials with a high polar-
izability such as graphene layers since their finite size effects
could be understood and characterized by an ultrahigh thin
film dielectric constant.
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FIG. 3. (Color online) (a) Effective dielectric constant for ultrahigh thin
film dielectric constants obtained by the analytical approximation and the
ANN. Continuous line represents the range where the analytical expression
gives better results than the ANN. (b) Gradient force for thin films character-
ized by e1¼ 500 and e1¼ 10 000. Inset shows the electrostatic force for
eeff¼ 10, 30, 50, 1 (top to bottom). In all figures, R¼ 25 nm, h¼ 17.5,
L¼ 14lm, V0¼ 1V, h1¼ 1 nm, and e2¼ 5.
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